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The +1 million ton Darwin Pb-~n-Ag-W skarn deposit has been

previously described as a group of sulfide replacement bodies zoned

a~ay from the mesothermal Darwin quartz monzonite plutonr and formed

from magmatic fluids at ~ 350°C. Detailed surface mapping, however,

indicates that the Pb-Zn skarn-sulfide bodies are appreciably ()20 Ma)

younger than the Darwin plut~nf and underground mapping/core logging

i:udicates several skarn-sulfide "pipes" with- strong concentric zoning,

One of the pipes is zoned around a deep granite porphyry plug. The

pipes exhibit outward zoning in \'It% Pb/Zn and 02/ton Agjwt%Pb <bc/cll



Combined mineral.composition/assemblage and sulfur isotope systematics

indicate that as the ore fluids flowed outward they experienced

progressive decrease in oxidation state (-1 log unit) and increase in

pH (1-2 units); upward moving fluids experienced initial decrease in

oxidation state and increse in pH followed by a reversal t6 higher

oxidation state and lower pH. The-process of ore deposition was

cheJTIicallycomplex and probably involved significant remobilization.

Realistic ore depositinal models at Darwin require simultaneous

changes in (at least) temperature, pH, and oxidation state,'all of

which were important.

INTRODUCTION

The Darwin district, in SECalifornia (Fig. 1), contains Pb-Zn­

Ag asw'ellas Cu-and W-rich veins and skarns (Hall and MacKevett,

1962; Newberry, 1987). Production from the district includes more

than 1 million tons' of Ag-Pb-Zn ore, much of which v was "direct

shipping" high grade material, and 0.1 million tons of W ore. Average

grades of sulfide ore mined after 1945 were approximatley 6% Pb, 6%.

Zn, 0.2% Cu and 6 oz/ton Ag (Hall and MacKevett, 1962). The Darwin

"',,,

deposit per se consists of a series of isolated Pb-Zn-Ag+W orebodies

(Def:iance,Thompson, Essex, Independence--Fig. 2) which were linked by

a common haulage level in 1945.

Although a relatively small deposit, Darwin is notable for a

pioneering S-isotope study (Rye et al., 1974) in which the authors

integrated several light stable isotopes with the known geology; and

for compative atte~pts at determining mineral formation temperatures
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ratios <.5 core, ·>1 margin). The pipes show mineralogical zoning,

with a core defined by hlgh sphalerite/galena, higher chalcopyrite,

darker sphalerite, abundant pyrite inclusions in sphalerite, and

evidence for multiple sulfide depositional events. Both graphite in

marble and pyrrhotite in sulfide ores are zoned around the Darwin

pluton, suggesting that pyrrhotite stability is influenced by pre-Pb-

2-

Zn skarn bleaching of marble beds. Garnets are highly complex,. with 4.

generations identified by petrographic and compositional relations;

younger garnet typs are more abundant in upper and lateral parts of

the pipe. Retrograde alteration of garnet is concentrated in the

upper and laterally distal parts o~';the skarn, but garnet in apparent
C

. equilibrium with sulfide is present throughout the vertial extent of

skarn. Systematic mineral compositional patterns include outward

increase in hedenbergite +johannsenite components in clinopyroxene

«2 to >20 outward), increse in Sb+Bi contents of galena, initial

ni/increase followed by decrease in Mn contents of sphalerite (range from

«.2% to >1% Mn), and an initial increase with outward variable

increase and decrease in FeS contents of sphalerite (range of <3 to

20% FeS). Previously published sulfur isotope data is compatible

.1,,/Vli th outward decrease in sulfur isotope ratios. Published isotope d~ta
-,,:.- ....

>'j;'<~jmbinedwith temperature estimates from phase homogenization and

··~~.senoPyrite-sphalerite geothermometry show a system~tic decrease in

t~mI?erature from the skarn-sulfide pipe center (>425 ';'::>C) to the margin

.. " .. ' ~'-'-"~:';'.:.-'

"X's,i<;pmparison of stope maps to isotherm cross-sections indicates the
•• ,- p- '-";"':". ,".:.: ," -.::- .

bulko.f~mined sulfides were from areas surrounding the pipe core, in

Which£~inperatures .declined from approximately 37SoC to 300oC.
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by techniques such as minor element distribution (Hall et al., 1971),

sulfide phase homogenization (Czamanske and Hall, 1975) and fluid

inclusion systematics (Rye et al., 1974). Based on their study, Rye

et al. (1974) concluded that the Darwin Pb-Zn-Ag mineralization was

deposited under near-isothermal conditions at a temperature of 3250C,

by magmatic fluids flowing out of the adjacent, unmineralized,

4

Rye et al. (1974) concluded thatmesgtnermal Darwin stock.
If' •\­
...,;f \-r

depostion took place due to pH increase at constant f02 and

ore

temperature, caused by fluid reaction with carbonate rocks;"they noted

horizontal zoning of S-isotopic values away from the Darwin stock.

Rye et al. (1974)'s study may have £ontributed to a frequently-held

notion that skarns can be relistically modeled as essentially

isothermal deposits with mineralization controlled by pH changes.

Although widedly quoted in the isotopic literature, there are

several features of the Darwin study as presented by Rye et al.(1974)
" .. ~ .

which invite scientific scrunity: (1) S-isotope derived temperatures

are generally 50-80oC higher than those determined by 'other techniques

._,(Czamanske and Hall, 1975), (2) the Darwin quartz monzodiorite, with

probable solidus temperatures >800oC, is lo?ated <50 m from the

sulfide deposits, (3) the Darwin pluton is unmineralized anq virtually

unaltered (Hall and MacKevett, 1962; Newberry, 1987), and (4) the

Darwin Pb-Zn-Ag-W metal assemblage is uncommon in skarns (Einaudi et

al./ 1981). There are also problems with the relative timing of

plutonism and Pb-Zn-Ag ore deposition: the 174 Ma (UjPb, Chen, 1977)

Darwin stock is cut by the Davis thrust (Eastman, 1980; Newberry/

1987), with movement dated at 154-148 Ma (Dunne et al., 1987), but Pb-

Zn-Ag mineralization cuts across the thrust and hence post-dates
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thrusting (Hall ~nd MacKevett, 1962; Eastman, 1980) and must be at

least 20 Ma younger than the supposed related pluton. Finally" the

garnet »pyroxene, high Ag-Te, and galena>sphalerite mineralogy of the

Darwin deposit (Hall and MacKevett, 1962) is atypical of Pb-Zn skarns

(Einaudi et al., 1981).

Newberry (1987) resolved some of these apparent conflicts by

showing that there are three different plutonic suites associated with

three different metasomatic skarn suites in the Darwin district.

Newberry (1987) further showed that the contact-type W skarns ~Tere

associated with the Darwin stock and that the vein-related Pb-Zn-Ag

skarns were associated with younger quartz porphyry bodies .

.Supporting geologic data includes the presence of Pb-Zn skarns along

faults which cut across and offset the Darwin stock (Figs. 1, 2) and

granite porphyry and breccia bodies (Fi~. 2) which intrude the Darwin

stock and contain clasts of W-bearing, but Pb-Zn-poor skarn. Newberry

.(1987) suggested that the Pb-Zn-Ag-W ore assemblage may have resulted

from superimposition of Pb-Zn skarns on an older w~skarn~system.

This study was prompted by the need to reconcile the apparent

contradition between isotopic studies of Rye et ale (1974), which

concluded that mineralization was zoned around and caused by the

Darwin stock, and petrologic-geologic studies presented in Newberry

(1987), indicating that mineralization is unrelated to the Darwin

stock. As there are no published maps for the deposit in which the

skarns are distinguished or described and because pyroxene-rich

skarns--so characteristic of Pb-Zn skarns (Einaudi et al., 1981)--have

not been reported from~the Darwin area, the investigation began with

systematic surface and underground mapping and core logging. Because
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Rye

et

al. (1974) had--'stressed the horizontal zoning of ores and

sulfur isotopic ratios around the Darwin stock, a further

investigation of zoning--based on ore and calc-silicate mineralogy,

mineral compositions, and metal ratios-~was undertaken. Given the new

results from zoning studies, Rye et ala (1974)'5 sulfur isot6pe model

was re-interpreted. The zoning data reported herein is most

consistant with a series of subvertical skarn pipes and related bedded

skarns and veins, centered 100-300 m Wof--and genetically unrelated

to--the Darwin stock. The sulfur isotopic data is consistantwith a

model of fluid flow through and away from these pipes.

··Gen~~~lGeology
." .. , .' -.

Darwinarearegionalgeol()gy is s"O.'Il'l11iarizedinI)unne et al.( 1978)

,Chance .thJ:"u~i:p£aultsyste~ .. ~:-As~the.uppez:-.]?~ateofth~s'fau~ t (now·.···

<"-e;~d~4/i~-th~i~ediateDa~inarea) wa~;~~~apl; s~~eralkm-thick,:
·sign~f.icant~overthickening of the stratigrCiphytookplace.

the Darwin area were subsequently intruded by mid-Jurassic alkaline

plui:0ns(including the 174 MaDarwinstock,Chen,.1977) and calc­

alkaline granitepl'.ltons (including the 156 MaCoso batholith, Cheni

.1977Jtothe Wofthe. alkalic:' plutons. A4-::-6kmdepthofemplacement···
'." '. ' •• -< •• ~ ' : :-' • ~ • -." •••••• - • - •• ~.'

.·.. uhas ubeen suggested for the caic-alkalinepi~ton~>(Sylvesteret ~~. ,." . ,".' '.

::1978)•. Contact metamorpic recrystallization of the impure carbonate........ .
. .

.'rocks caused a zone of idocrase-wollastonftecalc-silicate

..... ' ....

and Stone e.tal.( 1989). ppperPaleozoicd?epw~ter ,s~dimentaryrocks .
.<.::::-::.:-::.:.~:' ..: . :" ::._ .. ~ ::-:: : ..: .. , ':.'.~ .. '.", :.;;::;.\:.:-; ' "<.: .

. >;/(Stevens ,1986) ,-largely carbonate turbidit~s}(s:tone,1984)

.d,',"lItun~dla~e~~~~~,';'i~~area,~~~~defo;:;'~d\i~~~'i,ro~~.folds, .
associated "'ith·. deformation' underneath' the nearby ..·l:ateTriassic· Last .. ' ' .
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garnet-rich skarnoid, and bleached marble to be formed around the

Darwin stock (Fig. 2; Hall and MacKevett, 1962; Eastman, 1980;

Newberry, 19a7). Tungsten-bearing ska~ns are locally present along

contacts of the more differentiated units of the Darwin stock ,qith the

surrounding carbonate-bearing rocks, distributed symmetrically around

the Darwin stock (e.g., Fig. 2; Newberry, 1987). Thrusting along the

Davis fault system (Fig. 1), took place at 154-148 Ma (Dunne et al.,

1978), and resulted in 1-3 km of E displacement of the upper plate,

juxtaposing the Coso batholith and its adjacent Cu-skarns with the

Darwin pluton and its adjacent W-skarns (Newberry, 1987) and

telescoping the contact metamorphis~rocks. Subsequent to thrusting, a
. ,

'.'.series .of granite porphyry dikes and breccia pipes (Fig ..2) intruded

..'the metamorphic and igneous rocks along the NW margin of the Darwin..
. .. .

..stock; .aplitegeobarometry indictes·these ..rocks· crystallized at a .... - ...... . .

::: ;.•. - .-:: : : .: ..:.: ,. '.- .. ' ----- --:.:-: " - .. - : ~- :: ::: : : :
presF:~:r:.-e()fapproximatelyo •.5kbar( Newberry, 1987).:Pb~Z Il-:-Ags.karns. - .

rest:J:"lcted'totheWsideof the Darwinplritc:m »andPb-Zn-:-A~lveins of
.. - - .. ... . .

<the Darwin district formed along steeply-dipping fault s-""'!.which ar~....

.commonl~marginaltothe breccia bOdies--and,?e?3S commonly,:.~long
granite porphyry dike. contacts and Cilong the Davis thrust (Fig. 2) •.. - ..

Minor normal fault reactivation of the Davis thrust accompanying '....

Cenozoic Basin-Range uplift (Dunne et al., 1978) caused slight

deformation of ores in the vicinity of the thrust.

Investigative techniques

This study is based on underground (100 to 900 levels) and

surface mapping of the Darwin mines at 1:2400, detailed logging of

approximately 1000 m of diamond drill core,. examination of
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approximately 30q polished and thin sections, approximately 450

microprobe analyses representing 80 thin sections and grain mounts,

compilation of assay maps and drill assays, and sulfur isotope

measurements for a galena-sphalerite pair and 2 galena samples.

Mineral abundances were estimated using standard thin sectlon~point

counting techniques. Electron microprobe analyses were performed

using a 9-spectrometer ARL microprobe at DC Berkeley (silicates), as

described in Newberry (1987), and a 3-spectrometer Chimeca microprobe

at Washington State University (sulfides), as described in Meinert

(1937). Mineral standards were employed and each analytical point

represented the average of at least 3 analyses. Sulfide mineral

. ..... -

.p~oductiondataanddrill" hole'assay data was .compiled onto level

itominimiz epro:jectiondistance ~t()b~st .coinpa~e:t:heresultsofthis.'- ... " .. ' '., .".
' -" ..

. .:.: ."." -' .. ' ".. ' ~.. ' ".' .. : .. : t .. _ .

studytothose~ofRyeet .al.( 1974) ,andtoillustrai:ethethree-.
dimensional character of the Essex 'ore body • '.Mine assay data,." .

Ratios were"··•·.·.·..'maps, averaged into '10m (minimum) blocks and '.ratiod

$eparates were analyzed for sulfur isotope ratios by Krueger

'Entefprises,C~mbr-idge, Mass. Datafr0rrtpetI:ographicandmicroprobe
" -- " ." " "

analyses v;ere plotted on minecross:...sectiollsidifferentproj ections .. ,
.. "-:':." .":.... ' ."..." ..... : ... ' .. ' •....< .:.:•....: . ~. ~ .

, ..:forth~pet=-~g;aPhic,~metal,r~tio; 'andmi~roprobe data'we:r:~:employed,

then projected onto mine cross-sections.

The Essex ore body (Fig.2)ofthe.Darwin.deposit was selected
...

for intensive study because all levels were accessible for underground

mapping (courtesy of the Anaconda Company) and becausei.Alell-located

sample collectibns from this orebody were available at Stanford

··University.

PRESENT INVESTIGATION
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Narrow skarn and/or sulfide veins are present in calc-

·/

Geology of the D~rwinPb-Zn-Ag skarns

Pb-Zn-Ag skarns of the Darwin deposit occur predominantly as

skarn veins and bedded replacements (Hall and MacKevett, 1962;

Eastman, 1980). There are in addition, at least two major pipe- (or

chimney-) like ore bodies, the Defiance and Essex pipes. The~Essex

pipe is an irregular body elongated to the NW-SE and plunging at about

'70° to the SW. Its shape is controlled by intersections of the N650W

Essex fissure zone with receptive carbonate units near the hinge zone

of the doubly-plunging, N300W-trending, Darwin antiform. Major

"bedded" skarn zones are also present adjacent to the main pipe in

marble beds immediately underlying "sills of the Darwin pluton.

...is especially the case in the upper levels of the mine and probably

gave early workers the misleading impression that'skarns were zoned .

.,Ci~ClYnfromtheD,~rwin.pluton•.•The varible shape,of the Essex pipe is.' .....

:shownonFigure~3,a series "ofplanlevelmaps with the extent of

at each level .

.Fig. 4 shows a simplified map of the Essex pipe area on the 600 .

.leve~illustratingthe structural' and stratigraphic controls on skarn
<formation.

····..silicate hornfels; the bulk of skarn appears to·replace marl?le.

"Unreplaced marble is sometimes present between skarn and the Darwin

pluton (Fig.~), confirming that these skarns are younger than the

. pluton. Su.lfides OCCllIdisseminated throughout the skarn, in minor'

veins in the skarn, as occasional through-going veins andas"bedded .:-

replacements" distal to the skarn. Pyroxene-rich skarns are present·

in the Essex pipe at the 600 level and below; they are rarely in

contact with marble and are typically surrounded by garnet skarn.
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Lateral and.vertical zoning in the Essex pipe is illustrated by a

vertical cross-section (Fig. 5) constructed at approximately right

angle to the NW-SE elongation of the pipe (Fig. 3). The Essex pipe

contains sub-equal amounts of pyroxene and garnet-rich skarn at depth;

pyroxene skarn is both cut across and vertically supplanted by garnet-

rich skarns. Garnet-rich skarns are in metasomatic contact with

marble throughout the pipe, showing no evidence of replacing pyroxene-

rich skarn at the marble contact. Skarns cut across and replace calc-

silicate hornfels and skarnoid beds and form laterally extensive

replacement bodies in marble and hornfels adjacent to the pipe (Fig.

5). In many cases the light-colored, grandite garnet skarns could not

be easily distinguished from the light-colored, idocrase-garnet

hornfels during underground mapping and AX core logging; most of these
..

"<conta<?ts'.are probably gradational. ·.Rocksidentifiedwi:thcertainty as... . ... ' .. ' .. '" ~. .... . . . .. .

undergroundmappingandcore.logging·were·dominated by

coarse~grained garnet + pyroxene with 'accessorysulfides and/or.

contained obvious garnet veins.

With increasing vertical height, sulfide-bearing veins--which cut

'across skarn--are common,howeverskarns arepres~ntthroughout the

entire vertical exposure of the Essex pipe. Coarse grained.garnet~·

galena skarn--showing no evidence for garnet destruction-- outcrops as

to

the surface expression of the Essex pipe (Fig. 2) and sulfides mostly

occur.as disseminations' in the skarn below the 500 level. Occasional,

massive quartz-carbo~ate-sulfide bodies are present as replacements of

marble adjace~t to skarn (Fig. 5); cross-cutting relations indicate

that these bodies were formed after the skarns. Although sulfides,'

expecially galena, commonly enclose or fill vugs and fractures in


